We investigated the genetic diversity and field distribution of indigenous soybean-nodulating rhizobia in the Okinawa islands, using polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) analysis of their 16S rDNA regions and 16S-23S rDNA internal transcribed spacer (ITS) regions. We collected rhizobia from four sites on Okinawa Island, one on Miyako Island and one on Ishigaki Island, isolating 360 strains from soybean cultivars with three Rj-genotypes, Akishirome or Bragg (non-Rj), CNS (Rj 2 Rj 3 ) and Hill or Fukuyutaka (Rj 4 ), planted with soil from each field site. Phylogenies of all isolates were analyzed by PCR-RFLP with Bradyrhizobium and Sinorhizobium USDA strains as reference strains. The PCR-RFLP analysis of 16S rDNA and the ITS regions revealed the dominance of Bradyrhizobium elkanii strains in acidic Okinawa soils, Miyako soil and Ishigaki soil, and the dominance of Sinorhizobium fredii strains in alkaline Okinawa soils. To detect phaAB genes, which are components of K + efflux systems similar to Na + /H + antiporters involved with alkaliphilic traits, we conducted Southern hybridization with a phaAB gene probe. Specific signals were observed in all representative S. fredii strains isolated from Okinawa alkaline soils, but not in any representative Bradyrhizobium strains.
INTRODUCTION
Soybean-nodulating rhizobia are symbionts of Glycine max (L.) that fix atmospheric nitrogen and supply ammonia to the host plant. Inoculation of soybean seeds with rhizobia can increase soybean yield, but inoculants are frequently disturbed by competition with field-indigenous rhizobia (Mylona et al. 1995) . Therefore, analysis of the genetic diversity and field distribution of indigenous soybean-nodulating rhizobia is important for the development of knowledge about rhizobial ecology under various conditions.
The Rj genes are known as nodulation regulatory genes in soybean, and the genotypes of non-Rj, Rj 1 , Rj 2 , Rj 3 and Rj 4 have been confirmed to exist naturally (Devine and Kuykendall 1996) . Ishizuka et al. (1991) reported the preference of Rj-soybean cultivars for Bradyrhizobium japonicum for nodulation and suggested that Rj-soybean cultivars were involved in the inhibition of effective nodulation by certain serogroups of rhizobia as well as in the preference for appropriate rhizobia in relation to nodulation and increase of these populations in soil. Thus, in an analysis of indigenous soybean-nodulating bacteria, it is important to use several kinds of Rj-genotypes of soybean cultivars for the isolation of rhizobia. Sawada et al. (1989) examined 85 Japanese indigenous soybean-nodulating rhizobial strains isolated from 46 soils around Japan for their hydrogenase uptake (Hup) trait and somatic serogroup identity and suggested a relationship between the distribution of serogroup and Hup phenotype strains. Minamisawa et al. (1999) examined 213 indigenous soybean bradyrhizobia isolated from six fields in Japan by fingerprint analysis with probes for RSα, RSβ, nifDK and hupSL, and suggested that the diversity of bradyrhizobia in individual fields is associated with host plants and local soil conditions. Saeki et al. (2005) investigated the genetic diversity of indigenous soybean-nodulating rhizobia isolated from two alkaline soils in Vietnam by polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) analysis of 16S rDNA and 16S-23S rDNA internal transcribed spacer (ITS) regions, and revealed the predominance of B. japonicum strains similar to B. japonicum USDA 135 and of Sinorhizobium fredii. Furthermore, Saeki et al. (2006) researched the genetic diversity and field distribution of indigenous soybean-nodulating bradyrhizobia isolated from acidic soils from five fields in Japan by PCR-RFLP analysis of the ITS region. Their results suggested that indigenous bradyrhizobia cluster in association with strains listed in north to south order as B. japonicum USDA 123, 38, 110, 6 T and Bradyrhizobium elkanii USDA 76 T . These results imply a relationship between the field distribution of indigenous soybean-nodulating bacteria, latitude and soil pH. Kitada et al. (1994) discovered the Na + /H + antiporter system of alkaliphilic Bacillus sp. strain C-125. Putnoky et al. (1998) identified a Sinorhizobium meliloti K + efflux system (pha gene cluster) similar to the Na + /H + antiporter system, which regulates internal pH under alkaline conditions in the presence of K + , and suggested that the Pha system plays a role in adaptation to the ionic milieu inside the infection thread as well as in free-living conditions. These results suggest that the pha genes involve dominance and the infection process of Sinorhizobium strains under alkaline conditions.
In this study, to examine the relationship between rhizobial genetic diversity and soil pH in an ecological study on indigenous soybean rhizobia, we isolated indigenous soybean-nodulating rhizobial strains from neighboring soils with various pH values in the Okinawa islands and investigated their genetic diversity and field allocation by PCR-RFLP analysis of 16S rDNA and 16S-23S rDNA ITS regions. In addition, to study the dominancy under alkaline conditions and the alkalitolerance mechanism of strains isolated from alkaline soils, we carried out Southern hybridization with a phaAB gene probe, which is part of a pha gene cluster encoding a K + efflux system prepared from S. fredii USDA 205 T genomic DNA, and investigated whether those rhizobia harbor the phaAB gene.
MATERIALS AND METHODS

Sample soils and isolation of soybean-nodulating rhizobia
We isolated soybean-nodulating rhizobia from six soil samples (Table 1) . The soils were classified as acidic (pH 4.7-6.1), weakly alkaline (pH 7.5) or alkaline (pH 8.1-8.3). To isolate indigenous soybean-nodulating bacteria regardless of their incompatibility for nodulation, we grew soybeans, cultivars Akishirome or Bragg (non-Rj), CNS (Rj 2 Rj 3 ) and Hill or Fukuyutaka (Rj 4 ), in 3-L pots for 4 weeks. Prior to planting, the pots were filled with vermiculite with 40% (v/v) N-free nutrient (Saeki et al. 2000) and were autoclaved at 121°C for 20 min. Each soil sample (2 g) was placed into the vermiculite at a depth of 2-3 cm. Soybean seeds were surface sterilized in 70% ethanol for 30 s and then in sodium hypochlorite solution (0.25% available chlorine) for 3 min and washed with sterile deionized water. The seeds were then sown on the soil and cultivated in a greenhouse. Sterile N-free nutrient solution was supplied every 7 days. After 4 weeks, nodules were randomly detached from the roots and sterilized in 70% ethanol for 3 min and sodium hypochlorite solution for 30 min. After washing in sterile deionized water, each nodule was homogenized in 100 μL of sterile 0.9% NaCl. The homogenate was streaked onto a yeast-extract-mannitol agar (YMA; Vincent 1970) plate. Following incubation at 28°C for 3 or 7 days, depending on colony growth rates, a single colony was picked up and re-streaked onto a YMA plate containing 0.002% (w/v) bromothymol blue (BTB). In principle, one colony was isolated from one nodule. After incubation for another 3 or 7 days, a single colony was streaked onto YMA slant medium and incubated for 3 or 7 days, and then stored at 4°C until further analysis. The fast-growing (3-day) and slow-growing isolates (7-day) were distinguished both by the duration of culture and the production of acid or alkali by BTB color on the YMA media (Keyser et al. 1982) . No nodules formed on the negative control soybean plants without soil samples. Soybean-nodulating bacteria (OA, OC and OF isolates) isolated from Okinawa acidic soil I used in this study (Table 1) were the same as the isolates used in the study of Saeki et al. (2006) .
Inoculation test
We investigated the compatibility for effective nodule formation between each isolate and cultivars CNS (Rj 2 Rj 3 ) and Hill (Rj 4 ). Seeds were sterilized with 70% ethanol and sodium hypochlorite solution as described above. The host soybean seed was sown in 500 mL of sterilized vermiculite as described above. Isolates cultured in yeast-extract-mannitol broth at 28°C for 6 days (Vincent 1970) were diluted with sterile deionized water to 10 6 cells mL -1 , and 1 mL was supplied to the seed. Effective nodule formation was assessed after 3 weeks of cultivation.
PCR-RFLP analysis
Total DNA of all isolates was extracted from an HM culture (Sameshima et al. 2003 ) of the isolates as described by Saeki et al. (2000) . One microliter of the total DNA lysate was directly used as the template DNA in a 30-μL reaction mixture. The PCR was carried out using ExTaq DNA polymerase (TaKaRa Bio, Otsu, Shiga, Japan). A primer set (16S rDNA-F: 5′-AGAGTTTGATCCT-GGCTCAG-3′ and 16S rDNA-R2: 5′-CGGCTACCTT-GTTACGACTT-3′) based on the report of Weisburg et al. (1991) was used to amplify the 16S rDNA. These primers correspond to positions 9-28 and 1459-1440 of 16S rRNA gene of B. japonicum USDA 110 (BA000040; Kaneko et al. 2002) , respectively. For ITS amplification, the ITS primer set (ITS1512F: 5′-GTCGTAACAAGG-TAGCCGT-3′ and ITSLS23R: 5′-TGCCAAGGCATC-CACC-3′) based on the report of Hiraishi et al. (1997) that corresponds to positions 1442-1460 of 16S rRNA gene and 39-24 of 23S rRNA gene of B. japonicum USDA 110 (BA000040; Kaneko et al. 2002) , respectively, was used for the PCR reaction. The PCR cycle consisted of a pre-run at 94°C for 5 min; 30 cycles of denaturation at 94°C for 1 min, annealing at 55°C for 1 min and extension at 72°C for 1 min; and a post-run at 72°C for 10 min. The RFLP analysis of the PCR products was carried out using the restriction enzymes HaeIII, HhaI, MspI and XspI (TaKaRa Bio) as described previously (Saeki et al. 2005) . Reference strains were based on previous reports (Saeki et al. 2004 (Saeki et al. , 2005 191, 192, 193, 194 and 205 T were used as S. fredii reference strains. The PCR-RFLP analysis of the 16S-23S rDNA ITS region was carried out with Sinorhizobium and Bradyrhizobium isolates separately because the sizes of the PCR products were divided into these two groups (Saeki et al. 2005 ).
Cluster analysis
For the cluster analysis, all reproducible distinct fragments in the same positions on the electrophoresed gel were counted as one fragment without reference to the density of the fragment. The fragment sizes were estimated based on the equation from the markers. The genetic distance between pairs of strains (D) was calculated as
where Nxy is the number of bands shared by the two strains and Nx and Ny denote the number of bands in strains x and y, respectively (Nei and Li 1979; Sakai et al. 1998) . Cluster analysis was carried out using the unweighted pair group method using the arithmetic average (UPGMA). Phylogenetic trees were constructed using the Phylip software program v. 3.573 (Joseph Felsenstein, University of Washington, Seattle, WA, USA). The maximum similarity, that is, the nearest relation in RFLP patterns among operational taxonomic units (OTUs) of reference strains in the species used in this study, was used as the criterion for differentiation of clusters in the dendrogram of RFLP analysis of the ITS region.
Detection of the phaAB gene
The phaAB gene probe for Southern hybridization was prepared from S. fredii USDA 205 T . The primer sequences for the preparation of the probe were phaAB1619F (5′-CAGTTYCCBTTCCATTTCTG-3′) and phaAB3205R (5′-AGRATRACRTTGACGACRTT-3′), which were designed based on alignment analysis of Brucella suis (AE014292), Nitrosomonas europaea (AL954747) 
RESULTS
Isolation of soybean-nodulating bacteria
Twenty isolates were obtained from the root nodules of each Rj-genotype soybean and soil combination and 360 isolates in total were examined in this study. The isolates were numbered for the combination of soil type (Saeki et al. 2006) . From growing traits during isolation procedures, we classified 242 isolates (120 from Okinawa acidic soils I and II, 60 from Miyako weakly alkaline soil, 60 from Ishigaki acidic soil, and two from Okinawa alkaline soil I) as slow-growing, alkali-producing strains. The other 118 isolates from Okinawa alkaline soils I and II were classified as fast-growing, acid-producing strains (Table 1) .
No isolates were incompatible with any soybean genotypes (Table 2) .
PCR-RFLP analysis of 16S rDNA
Schematic electrophoresis patterns of the PCR-RFLP analysis of 16S rDNA are shown in Fig. 1a . Cluster analysis revealed six OTUs, USDA 6 T -MB3-OA1, JA19, USDA 124-OC12, USDA 76 T -MB1-OA3, USDA 205 T -JA2-RB13 and JA1-RB2 (Fig. 2) . The slow-growing isolates were classified into the genus Bradyrhizobium and separated into two clusters, 16S-Bj (B. japonicum) and 16S-Be (B. elkanii), and the fast-growing isolates were classified into one cluster, 16S-Sf (S. fredii) (Fig. 2) . The isolates of B. elkanii were predominant in Okinawa acidic soils, Miyako weakly alkaline soil and Ishigaki acidic soil, and were most frequently isolated from Ishigaki acidic soil (Fig. 2) . Fifty Sinorhizobium isolates from Okinawa alkaline soils were classified into the OTU of S. fredii USDA 205 T , and another 68 were classified into the OTU of JA1 and RB2, showing specific restriction patterns by HhaI digestion in the 16S-Sf cluster (Fig. 1a ).
PCR-RFLP analysis of the 16S-23S rDNA ITS region
Schematic electrophoresis patterns of the PCR-RFLP analysis of the 16S-23S rDNA ITS regions are shown in Fig. 1b ,c. Cluster analysis revealed 11 OTUs of indigenous Bradyrhizobium isolates and 8 OTUs of indigenous Sinorhizobium isolates (Fig. 3 , Table 2 ). The Bradyrhizobium isolates formed two B. japonicum clusters and five B. elkanii clusters. All isolates of cluster ITS-Be2 except UC12 that show similar restriction patterns to the other isolates of the cluster had identical restriction patterns to that of B. elkanii USDA 76 T . Again, they were predominant in Okinawa acidic soils, Miyako weakly alkaline soil and Ishigaki acidic soil, and were most frequently isolated from Ishigaki acidic soil. The Sinorhizobium isolates were classified into three S. fredii clusters. Those in clusters ITS-Sf1 and ITS-Sf3 were dominant in Okinawa alkaline soils. The isolates of cluster ITS-Sf3 showed distinct restriction patterns from any S. fredii USDA reference strains and formed an independent cluster (Figs 1c and 3) .
Southern hybridization of the phaAB gene
The identified partial sequence of the phaAB gene indicated 84.6% similarity with S. meliloti pha gene (X93358), 67.5% with P. putida (AE015451) and 70.3% with B. suis (AE014292). The results of Southern hybridization are shown in Fig. 4 . The hybridization signal was detected in all S. fredii USDA reference strains and all representative isolates of fast-growing rhizobia from Okinawa alkaline soils, but was not observed in any
Bradyrhizobium USDA strain or in the slow-growing rhizobia. Isolates RB2 and RB16, in the distinct ITS-Sf3 cluster, and an independent strain S. fredii USDA 194 in the dendrograms had different signal intensities and sizes from those of clusters ITS-Sf1 and ITS-Sf2, although the signal size of RC5 was identical to that of clusters ITS-Sf1 and ITS-Sf2.
DISCUSSION
We examined 360 isolates of indigenous soybeannodulating rhizobia. The isolates were separated into 242 Bradyrhizobium isolates and 118 Sinorhizobium isolates by their growth rate and acid/alkali production on YMA plates. The PCR-RFLP analysis of 16S rDNA and 16S-23S rDNA ITS classified most Bradyrhizobium isolates into B. elkanii clusters from Okinawa acidic soils, Miyako weakly alkaline soil and Ishigaki acidic soil, and showed the dominance of the S. fredii isolates in Okinawa alkaline soils. Saeki et al. (2006) investigated the diversity and geographical distribution of indigenous soybeannodulating bradyrhizobia in fields in Hokkaido, Fukushima, Kyoto, Miyazaki and Okinawa using PCR-RFLP analysis of the 16S-23S rDNA ITS region and showed that the rate of isolation of B. elkanii strains increased from north to south. Our PCR-RFLP results correspond to those of Saeki et al. (2006) . Previous research (Ando and Yokoyama 1999; Yokoyama et al. 1996) , investigating indigenous soybean-nodulating rhizobia demonstrated that Bradyrhizobium sp. (Glycine max) strains, which were genetically different from B. japonicum and B. elkanii, were isolated from a soybean field in Thailand. These results suggest that the ecological niche of soybean-nodulating rhizobia in the order B. japonicum, B. elkanii and Bradyrhizobium sp. (Glycine max) might be from temperate to subtropical regions in Asia and might be related to the latitudinal climate and/or vegetation. Although B. japonicum and B. elkanii strains were isolated from acidic and weakly alkaline soils, all S. fredii strains were isolated from alkaline soils with a pH of more than 8 in this study. In our previous study, strains of S. fredii, Sinorhizobium sp. (Glycine max) and B. japonicum similar to USDA 135 were also isolated from alkaline soils in Vietnam (Saeki et al. 2005) .
Sinorhizobium fredii strains were also dominant in the Okinawa alkaline soils in the present study. Furthermore, the S. fredii isolates from the distinct cluster ITS-Sf3 showed dissimilar PCR-RFLP patterns from any USDA reference strains. Those reference strains were isolated from soils of China (Keyser et al. 1982) . Thus, the isolates in cluster ITS-Sf3 might be unique strains that are genetically different from the S. fredii USDA strains. These results imply that rhizobial flora might differ among neighboring soils that differ in pH at a threshold of approximately pH 7.6-8.0, and suggest that soil pH affects the indigenousness and dominance of soybean-nodulating rhizobia in the soil. The results of Southern hybridization revealed that all representative strains of Sinorhizobium isolates harbor phaAB, although the signal intensities differed among the strains. Although the reason for the difference in signal intensities is not clear, it might be because of a difference in the copy number of the pha gene homologues, a difference in genome size or unexpected difference in the analyzed quantities among the strains tested. Putnoky et al. (1998) identified in S. meliloti the K + efflux system (pha gene cluster), which regulates internal pH under alkaline conditions in the presence of K + , and suggested that the Pha system plays a role in adaptation to the altered ionic milieu inside the infection thread as well as in free-living conditions. Thus, we infer that Sinorhizobium soybean-nodulating bacteria might be able to adjust to alkaline conditions and become dominant in the field and/or infection process by means of the monovalent cation/proton antiporter encoded by the pha gene cluster.
RB2 and RB16, in cluster ITS-Sf3, and USDA 194 had different hybridization signal sizes from those of the isolates in clusters ITS-Sf1 and ITS-Sf2. They might 
Figure 3
Dendrograms of rhizobia based on polymerase chain reaction-restriction fragment length polymorphism analysis of 16S-23S rDNA internal transcribed spacer (ITS) region. The maximum similarity among operational taxonomic units (OTUs) of reference strains in the species used in this study was used as the criterion for differentiation of clusters in the dendrogram, 88% for Bradyrhizobium japonicum, 91% for Bradyrhizobium elkanii and 84% for Sinorhizobium fredii. Clusters were designated as indicated on the right. Tabulated numbers indicate the numbers of isolates in each OTU in all soil-host soybean combinations.
Figure 4
Southern hybridization analysis of the phaAB genes from Okinawa isolates and USDA reference strains. Hybridization signals were detected in all Sinorhizobium strains tested, but no signals were detected in any Bradyrhizobium strains tested. Strains in the left panel are Sinorhizobium fredii USDA 205 T , USDA 193, USDA 194, RB13, RC9, RB5, JA6, RB15, RC6, RB2, RC5, RB16; Bradyrhizobium japonicum USDA 6 T from the left and strains in the right panel are B. japonicum USDA 6 T , Bradyrhizobium elkanii USDA 76 T , B. japonicum USDA 135, MB3, OA2, OC12, JA19, IH18, UH12, OA3, MC14, UB17; S. fredii USDA 205 T from the left. be genetically distinct from the USDA strains, USDA 191, 192, 193 and 205 T , isolated from China, even though the signal of RC5, also in cluster ITS-Sf3, was identical to that of USDA 205 T . In contrast, Bradyrhizobium isolates JA19 and JA20, isolated from Okinawa alkaline soil I, showed distinct patterns in PCR-RFLP analysis of 16S rDNA and the ITS region from those of other Bradyrhizobium isolates, and showed no phaAB signal in Southern hybridization. Although an additional experiment of PCR amplification of the pha gene from B. japonicum USDA 135 was conducted using the primer set, phaAB1619F and phaAB3205R, the pha gene was not detected, but non-specific amplification (data not shown) showed fragmental similarities to hypothetical protein (blr0101, 69.5% and 81.4% similarities in the fragments) and probable oxidoreductase (blr0403, 88.3% similarity in the fragment) of B. japonicum USDA 110 (BA000040, Kaneko et al. 2002) . Furthermore, a search of RhizoBase (http://bacteria.kazusa.or.jp/rhizobase/index. html) indicated no pha genes and three Na + /H + antiporter (nha) genes in B. japonicum USDA 110. These functional genes, Na + /H + antiporter systems, for tolerance against high salinity and alkaline conditions were reported in many bacteria as reviewed by Padan et al. (2005) . These results and reports suggest that bradyrhizobia do not harbor homologues of the pha gene cluster. Therefore, it is suggested that even though JA19 and JA20 were isolated from alkaline soil, these isolates do not harbor homologues of the pha gene cluster and might have other systems, such as nha genes, for adaptation to alkaline environments. Because Bradyrhizobium strains characterized as serotype 135 (B. japonicum USDA 135 cluster) and growing extra slowly on YM medium have been frequently isolated from alkaline soils (Damirgi et al. 1967; Gross et al. 1979; Ham et al. 1971; Kowalski et al. 1974; Saeki et al. 2005) , they may have some systems for adaptation to alkaline conditions. Further study must be conducted to clarify the mechanisms responsible for their survival and development under alkaline conditions. Our PCR-RFLP analysis of 16S rDNA and ITS regions detected strains showing independent restriction patterns. More detailed investigation of the characteristics of the strains require other analyses; for example, sequence analysis of 16S rDNA and other gene loci, serotype analysis or DNA-DNA hybridization (Saldana et al. 2003; Sawada et al. 1989; van Berkum and Fuhrmann 2000; Willems et al. 2001; Young 1996) . The isolation and phylogenetic analyses of indigenous soybeannodulating rhizobia from field soil and analyses of host specificity, competitive ability against other strains and resistance to environmental stress of dominant strains will provide a better understanding of the molecular ecology of soybean-nodulating rhizobia under various conditions.
